Ensemble-based measurements of kinetic isotope effects (KIEs) have advanced physical understanding of enzyme-catalysed reactions, but controversies remain. KIEs are used as reporters of rate-limiting H-transfer steps, quantum mechanical tunnelling, dynamics and multiple reactive states. Single molecule (SM) enzymatic KIEs could provide new information on the physical basis of enzyme catalysis. Here single pair fluorescence energy transfer (spFRET) was used to measure SM enzymatic KIEs on the H-transfer catalysed by the enzyme pentaerythritol tetranitrate reductase. We evaluated a range of methods for extracting the SM KIE from single molecule spFRET time traces. The SM KIE enabled separation of contributions from non-enzymatic protein and fluorophore processes and H-transfer reactions. Our work demonstrates SM KIE analysis as a new method for deconvolving reaction chemistry from intrinsic dynamics.
Introduction
Most enzyme-catalysed reactions involve electron and hydrogen transfer. The kinetics of H-transfer reactions are sensitive to isotopic substitution and measurements of kinetic isotope effects (KIEs) are powerful probes of these reactions. KIEs are commonly used to probe chemical mechanisms that involve H-transfer, reporting specifically on the properties of the chemical (H-transfer) step. In ensemble enzyme turnover studies, KIE measurements have provided insight into transition state structures, [1] [2] [3] rate limiting steps 4, 5 and reaction geometries within reaction series (e.g. a series of variant enzymes [6] [7] [8] [9] or across different substrates, 10, 11 ), or through perturbation of active site structure induced by other changes (e.g. temperature [12] [13] [14] or hydrostatic pressure 15 ). Here we demonstrate the feasibility of measuring enzymatic KIEs for a hydride transfer reaction at the single-molecule (SM) level using single-pair fluorescence resonance energy transfer (spFRET). SM molecule measurements provide an alternative kinetic probe of reaction dynamics, which complement more common (pre)steady-state measurements. SM spectroscopy (SMS) augments studies at the ensemble level. For example SMS can identify alternative catalytic states that would otherwise be masked in ensemble data and can access unidirectional rate constants for reversible reactions. Many SM enzyme turnover studies have involved H-transfer chemistry to intrinsic cofactors. [16] [17] [18] [19] Despite the power of SMS, the relatively low intrinsic fluorescence of natural cofactors has limited widespread adoption of SMS to study enzyme turnover. spFRET can overcome this limitation. 17, [20] [21] [22] In spFRET, the high fluorescence emission of an extrinsic label (a so-called 'molecular beacon') attached to the target enzyme is modulated by redox cycling of the enzyme cofactor through FRET. Uniquely, SM KIE measurements are used to deconvolve chemical and other dynamical contributions to SM fluorescence time traces -a problem that is inherent to SM turnover studies. These studies were performed using pentaerythritol tetranitrate reductase (PETNR), a redox enzyme that contains a single flavin mononuclotide (FMN) redox cofactor. This cofactor is alternatively reduced and oxidised in two half-reactions involving hydride transfer from the pro-R hydrogen of coenzyme NADH, then oxidation by molecular oxygen ( Figure 1A ) or an oxidative substrate such as pentaerythritol tetranitrate. Ensemble-based KIE measurements have indicated that the hydride transfer from NADH to FMN catalysed by PETNR involves quantum mechanical tunneling (QMT). 10, 23 Oxidised FMN is highly fluorescent in solution, but the emission is quenched appreciably (~100-fold) when bound to PETNR. spFRET was used to enhance the SM fluorescence signal to record time traces of FMN reduction and oxidation during catalysis with NADH and the deuterated counterpart (R)- [4- 2 H]-NADH ( Figure 1A ). We report SM analysis of reaction rates for this hydride transfer reaction. We demonstrate how KIE values can be extracted from SM reaction data and used to inform on the contributions of non-enzymatic dynamics and reaction chemistry to SM fluorescence data.
Results

SM detection of PETNR by TIRF.
Enzyme turnover and motion was monitored under SM conditions using objective-type total internal reflection fluorescence (TIRF) microscopy. Supplementary Figure S1 shows the TIRF experimental setup. The detailed setup and methods for data extraction and processing are explained in more detail in Methods. Briefly, PETNR was labelled with an extrinsic fluorophore (Alexa-488) attached by a maleimide linkage to the only native cysteine residue (Cys-222). PETNR-Alexa-488 was then immobilised on a copperfunctionalised cover slip through a poly histidine tail engineered to extend the natural C-terminus of PETNR ( Figure 1B) . 24 The immobilised enzyme was excited at 488 nm under TIRF conditions and fluorescence emission from the extrinsic fluorophore was monitored temporally with a 12 ms time resolution. A typical example of fluorescence emission from a SM of labelled PETNR in the absence of NADH is shown in Figure 2A . Alexa-488 emission is stable for several seconds, typically photobleaching after ~5 seconds. While photobleaching is suppressed by oxygen removal, oxygen is required for SM enzyme turnover, where it acts as the oxidant during the oxidative half-reaction ( Figure 1A ). 25, 26 or artificial quenchers, 19 giving rise to either quenching or enhancement of fluorescence emission. Fluctuations were observed in the fluorescence time traces of PETNR-Alexa-488 (Figure 2A ), possibly reflecting alternate proteinfluorophore conformations (fluorophore-specific contributions to the emission fluctuation are also possible; see Supporting Information for details). Noise will be a contributing factor to the observed SM signal . However, the aim is to characterise the SM signal from PETNR-Alexa-488 prior to turnover studies, rather than investigate the specific contributions to the PETNR-Alexa-488 signal. 70 PETNR-Alexa-488 SMs and their associated emission transitions (350 transitions) were monitored, from which frequency data were derived. SM frequency data for dwell times between fluorescence states, f(τ), are typically analysed by fitting to exponential decay functions. 27 Figure 2B shows binned τ values for PETNR-Alexa-488 fit to a single exponential decay (implying a single population) giving an apparent rate for transition between different emission states of k app = 4.0 ± 0.1 s -1 . However, fitting dwell time data in this way can mask more complicated kinetics as similar apparent rates will not be resolved readily using exponential functions. Consequently, we plotted the frequency of the apparent rate, f(k) (where k = 1/), which appears to be approximately Gaussian on a log 10 scale ( Figure 2C) . 28 This approach has been used in previous SM studies but we note, represents an approximation. 29 A range of other fitting approaches have been used for these type of data, though we found in practice fitting Gaussians to our log k data was the most robust method of extracting multiple populations from frequency data, though we emphasise that this should only be used to extract the midpoint of log k frequency data. From Figure 2C it is apparent that there are actually two well-defined populations, fitting to a multi-Gaussian function (Eq. 1) comprising two species. This multicomponent data set is mirrored in the frequency data for the emission intensities, f(ΔEm), reflecting interchange between each emission state ( Figure 2D ). The fitted data suggest the presence of a major species [f(log k) = 86 % and f(ΔEm) = 81% of the integrated area] and a minor species [f(log k) = 14 % and f(ΔEm) = 19% of the integrated area], shown as orange (major) and blue (minor) dashed lines in Figures 2C and 2D . However, there is no significant correlation between the magnitude of the ΔEm and log k values The major species exhibits a 'slow' apparent rate for interconversion with a mid-point of 3.4 ± 0.1 s -1 ( Figure 2C ) centred about the average relative emission intensity ( ΔEm = 0) with a value of -0.02 ± 0.01 ( Figure  2D ). The minor species exhibits an apparent interconversion rate of 8.0 ± 0.1 s -1 ( Figure 2C ) centred at a significantly larger than average relative emission intensity of 0.25 ± 0.01 ( Figure 2D ). The observation of asymmetric frequency data for both f(log k) and f(ΔEm) suggest that noise alone cannot account for the observed SM signal. Although the origin of these two components was not investigated, Alexa-488 has been shown previously to exist in two environments when bound to protein. 30 It is important to note that, based on the X-ray crystal structure of PETNR, the distance between the FMN and Alexa-488 moieties is expected to be ~30 Å. This compares to a Förster radius, R 0 , of 36 Å calculated for the FMN/Alexa-488 FRET pair ( Figure S2 ). Consequently, the SM spFRET efficiency is expected to be highly sensitive to fluctuation of both the FMN and Alexa-488 moieties. In SM studies of enzyme catalysis (vide infra) it will be necessary to deconvolute these background signals from spFRET signals that report on changes in redox state of the active site FMN attributed to enzyme turnover.
SM dynamics of PETNR-
SM turnover of PETNR-Alexa-488.
Prior to SM turnover experiments, PETNR-Alexa-488 was used in ensemble stopped-flow studies to enable comparison with unmodified PETNR ( Figure 3A and 3B). The fluorescence emission of Alexa-488 was monitored following rapid mixing of PETNR-Alexa-488 with saturating NADH in a stoppedflow instrument. Monitoring of Alexa-488 emission enabled comparison of the spFRET kinetic parameters of PETNR-Alexa-488 with those for reduction of PETNR acquired by absorption (FMN reduction) stopped-flow spectroscopy ( Figure 3A) . A KIE of 6.8 ± 0.4 (PETNRAlexa-488) is similar to the reported KIE of 8.1 ± 0.1 (PETNR) and observed rate constants for flavin reduction are also similar ( Figure 3B ). 10 Further, the temperature- dependence of the KIE (H ‡ ) for PETNR-Alexa-488 (1.6 ± 2.3 kJ mol -1 ) is similar to that for PETNR (-1.1 ± 2.1 kJ mol -1 ). These ensemble studies indicate that the kinetic properties of PETNR-Alexa-488 (monitoring both fluorescence from Alexa-488 and also FMN absorption changes) are similar to those published for PETNR with NADH as reducing coenzyme. Therefore, Alexa-488 does not compromise the H-transfer chemistry of PETNR and the observed rate constant for FMN reduction are accurately recapitulated using the spFRET method.
We have also investigated the effect of coenzyme binding on the conformation of an extrinsic label in PETNR to assess if coenzyme binding induces conformational change at the site of the extrinsic label. We have monitored high-field (94-GHz) electron paramagnetic resonance (EPR) spectra of a nitroxide spin label, bound to PETNR at the same position as Alexa-488 ( Figure 3C ). We find that the g x and A z values are essentially identical between coenzyme (NADPH4) bound and free forms of PETNR. These parameters reflect features of the local surrounding such as polarity. 31 The EPR data therefore suggest that there is not a large scale conformational change upon coenzyme binding that will perturb an extrinsic label. Indeed, we find that the emission of Alexa-488 is invariant with either NAD + or the non-reactive coenzyme mimic, NADH4 bound ( Figure 3D ). SM turnover of PETNR was monitored as fluctuations in fluorescence time traces in the presence of NADH and oxygen. These fluorescence time traces include contributions from low fluorescence 'off' (oxidised FMN) and high fluorescence 'on' states (reduced FMN) as well as redox independent fluorescence changes attributed to motions of the probe, cofactor and/or enzyme (vide supra) ( Figure  4A ). The two redox states encompass the complete catalytic cycle comprising the two half-reactions ( Figure 1A ). Given current interest in H-transfer reactions, the focus here is on the reductive half-reaction (FMN reduction by NADH); the oxidative half-reaction (FMN oxidation by molecular oxygen) is shown in Figure 5 and discussed in Supporting Information (Figures S6 and S7 ). 2 H]-NADH] were monitored, from which frequency data were derived. The frequency of dwell times with NADH ( Figure 4B ; blue line) was fitted to a single exponential decay function as with PETNR-Alexa-488 alone ( Figure 3B ). The apparent rate (k H = 3.8 ± 0.1 s -1 ) is similar to that for PETNR-Alexa-488 in absence of NADH (k app = 4.0 ± 0.1 s -1 ). However, as discussed above, this analysis is likely to mask complexity in the data. Analysing the data in this way suggests that there is no observable chemical turnover with NADH, but more likely is that the rate of FMN reduction coincides with the signal attributed to PETNR-Alexa-488 alone. To improve the ability of SM detection to extract chemistry from system specific dynamics/noise we turned to kinetic isotope effect (KIE) measurements. A significant KIE is manifest where a kinetic probe is able to resolve a hydrogen transfer step. Stereospecific deuteration at the primary (pro R) position of NADH gives rise to a decrease in the observed rate constant for hydride transfer. 10 This Figure 2C but the area of each Gaussian component is allowed to vary as described in Methods.
gives , respectively. These data demonstrate that there is a shift to lower observed rates of FMN reduction upon isotopic substitution and that the effect is concentration dependent, with the apparent KIE increasing with increasing (R)- [4- 2 H]-NADH. That said, these data are complex and fitting to a single exponential function is clearly a gross oversimplification, particularly where two substrates are used together.
As with PETNR-Alexa-488 alone, the frequency data for the apparent rates [f(log k)] of formation of the reduced form of the enzyme is complex ( Figure 5A-C) . The distribution is described by a multi-Gaussian function (Eq. 1) with at least two components; n ≥ 2 in Eq 1 ( Figure 4C ). With NADH there is no significant difference between the PETNR-Alexa-488 and PETNR-Alexa-488 + NADH log k data (P 1 = 0.12, Methods and Supporting Information for details). However, an analysis of the frequency data for fluorescence states, f(ΔEm), with both NADH and (R)-[4-2 H]-NADH, ( Figure S3 and Table S1) suggest that additional (n > 2) Gaussian components are required to adequately fit the SM turnover data as described in Supporting Information. The log k frequency data for FMN reduction with (R)- [4- 2 H]-NADH (
Figure 5B-C) is different to that for NADH ( Figure S4) , with the log k data showing a significant difference to the PETNR-Alexa-488 only control (P 1 < 0.0001). Indeed, a multi-Gaussian fitting function (Eq. 1) with three components is required to adequately fit both equimolar NADH/(R)-[4- Based on SM studies with PETNR-Alexa-488 alone, the component of the frequency data attributed to states unrelated to turnover can be simulated using the fitting parameters extracted from Figure 2C . These values compare favourably with observed rate constants for this reaction determined from ensemble stopped-flow studies.
As the fraction of (R)-[4-
2 H]-NADH is increased there is a trend to increasingly slow rates and therefore larger KIEs: with equimolar NADH/(R)- [4- 2 H]-NADH, midpoint KIE = 2.7 ± 4.7 and with (R)- [4- 2 H]-NADH alone, mid-point KIE = 3.7 ± 4.2. The SM FMN reduction data ( Figure 5B-C) are contrasted by the SM FMN oxidation data ( Figure 5D-E) . There is no significant difference between the SM FMN oxidation frequency data and the enzyme only log k data as shown by the similarity of the PETNR-Alexa-488 Gaussian fits (dashed line; Figure 5D -E) and SM FMN oxidation frequency data fit to a two Gaussian function (solid line; Figure 5D -E). FMN oxidation is slow (< 0.2 s -1 ), and therefore largely outside of the detectable range of our SM experiments. The SM FMN oxidation data therefore act a control for the effect of increasing (R)-[4-2 H]-NADH concentration, demonstrating that the observed KIE is attributable solely to FMN reduction. An increase in the SM mid-point KIE as a function of increasing isotopologue concentration is therefore very clear evidence that that SM FMN reduction with NADH is hidden in the enzyme only signal and that we are able to deconvolve reaction chemistry from other factors such as intrinsic dye dynamics and signal noise using the SM KIE approach. Moreover, fitting Gaussian components to log k frequency data provides a significant improvement in the accuracy of the extracted KIE giving a more comparable value to the ensemble KIE. We note however that the fitting of the log k frequency data is complex. Therefore, we next explored the use of model free methods to extract the SM KIE.
Extracting the SM KIE. The SM KIE value was extracted from the un-binned apparent SM rate constant (frequency-domain) using a model free method ( Figure 5A ; grey stepped line) described in Methods. A detailed discussion and validation of the model free method is provided in Supporting Information. On a log 10 KIE scale these bins can also be fit to a multi-Gaussian function comprising two species ( Figure 6A , black line). Unlike log k data, the binned log KIE data should be symmetrical and therefore accurately fit by a function such as a Gaussian (see Supporting Information; Figure S7 ). These data fit with a major species (88 % by area) with a midpoint KIE of 1.2 ± 0.5 and a minor species (12 % by area) with a midpoint KIE of 5.7 ± 0.3. Since the KIE is specifically sensitive to FMN reduction, we expect a large proportion of the un-binned time domain data to give a KIE of essentially unity, reflecting the apparent rates for intrinsic, non-enzymatic, processes. The Gaussian component showing a KIE > 1 is then attributable to FMN reduction. As an alternative, we have extracted all combinations of KIE values for turnover with NADH alone ( Figure 6B ; blue stepped line) and subtracted these data from that calculated for both NADH and (R)- [4- 2 H]-NADH ( Figure 6B ; grey stepped line). These new data ( Figure 6B ; red stepped line) reflect KIE values attributable to FMN reduction alone, deconvolved from enzyme/dye motion and other processes which do not reflect FMN reduction. Crucially this is a model free method of extracting the KIE and does not assume that the binned rate and/or KIE values are normally distributed over log k or KIE, respectively. This method yields a major species (79 % by area) with a midpoint KIE of 1.0 and a minor species (21 % by area) with a midpoint KIE of 4.7. Deconvolving chemistry from other SM signals. In the SM enzyme catalysis field it has been typical to plot the binned dwell time of SM enzyme turnover data and fit these to an exponential decay function to extract an apparent rate constant for the mechanistic step of interest. 16, 19, 32, 33 However, as shown here, plotting SM apparent rate (k app = 1/τ) data on a log scale exposes a multicomponent data set with similar apparent rates. This highlights a major advantage of using SM methods (vs. ensemble methods) to analyse these types of reactions: multi-exponential functions struggle to deconvolve multicomponent time-domain data with similar rates. This is clearly the case with SM data reported here, where a multi-exponential function does not resolve the identified multiple populations. We thus caution against use of exponential fitting functions in SM studies of enzyme turnover as this might lead to erroneous conclusions about the presence and assignment of observed SM populations (vide infra).
Discussion
Gaussian fitting of SM log k data for PETNR-Alexa-488 (in absence of NADH) suggests there is inter-conversion between major and minor states. The simplest model implies the major species reflect a conformation for PETNRAlexa-488 in which the dye is quenched. The minor species reflects a distinct conformational state in which the Alexa-488 dye is less quenched. 30 Extracting these multiple components is required for subsequent determination of apparent rates for FMN reduction. This should be a general approach in studies of SM enzyme catalysis where processes involving the introduced probe, active site cofactor or protein could in principle (or in all likelihood) complicate SM fluorescence time traces. SM analysis of the 'resting' form of PETNR-Alexa-488 alongside turnover studies with NADH and oxygen identified a new component that we attribute to FMN reduction. The apparent rate for SM FMN reduction are broadly consistent with previous SM studies of enzyme turnover, 16, 18, 34 showing a broad range of rates spanning several orders of magnitude. This variation in apparent rate is often attributed to microscopic structural heterogeneity in the enzyme reactive complex and/or to the existence of multiple chemical barriers to reaction, which represent a complex free energy landscape for enzyme catalysis. 16, 18, 35 The present study is in general agreement with previous SM enzyme turnover measurements with respect to the overall distributed range of apparent rates. However, our studies highlight the need to account for any background signals and/or broadening attributable to both intrinsic and extrinsic cofactors as well as noise. Interpreting the width of SM frequency data remains a key challenge when analysing SM data sets; a rigorous quantitative dissection of the contributing factors, which includes the inherent instrumental noise, is challenging. 36 Single molecule kinetic isotope effects. KIEs at the SM level have been observed rarely in a non-biological system involving the reaction of a quinone and thiol within an artificial pore structure 37 and in turnover of DHFR. 38 As we discuss below, access to SM enzymatic KIEs will provide new information on enzymatic H-transfer reactions and so the development of robust methods to measure SM KIEs is essential. In the work reported here, SM KIEs were extracted in several ways. The KIE extracted from exponential decay functions fitted to the dwell time data ( Figure 4C ) gives a KIE of 2.0 ± 0.2. This value is signifi-cantly smaller than measured by the corresponding ensemble method with PETNR-Alexa-488 (KIE = 6.8 ± 0.4). The KIE extracted from the midpoints of Gaussian fits with NADH ( Figure 5A ) and (R)- [4- 2 H]-NADH ( Figure  5C ) is 3.7 ± 4.2. This KIE value is closer to that observed in stopped-flow ensemble studies of PETNR reduction, though the error is large.
A potentially more robust way of extracting the SM KIE value is shown in Figure 5A and 5B, based on extracting the KIE from all combinations of SM apparent rates (see Methods). The KIEs for FMN reduction [KIE = 5.7± 0.3 ( Figure 6A ; Gaussian fitting method) or 4.7 ± 0.2 ( Figure  6B ; model free method)] are comparable with values determined at the ensemble level (KIE = 6.8 ± 0.4) as shown in Figure 6C . Extracting the KIE in this way gives a closer value to the ensemble KIE and a more reasonable error compared to using the midpoints of the Gaussians attributable to NADH and (R)- [4- 2 H]-NADH (KIE = 3.7 ± 4.2) as shown in Figure 6C . These more accurate values derived from extracting a matrix of KIE values likely reflects the more appropriate fitting of KIE data to a Gaussian function compared to log (k) frequency data ( Figure s7) . A key finding is that we only find evidence for a single population of KIEs significantly larger than unity. Extracting the KIE in this way does not allow us to separate multiple populations with the same magnitude of KIE (e.g. that might arise from parallel reaction mechanisms). However, at the ensemble level there is no evidence for alternative mechanistic pathways in PETNR and the chemical step (FMN reduction) is well defined. 10, 39 n-state models. Recently 'n-state' models have been proposed as an alternative explanation to distance sampling models of enzymatic H-tunnelling. 40 In n-state models, multiple reactive conformations are invoked to account for published ensemble data, specifically the temperaturedependence of the KIE. The temperature dependence of KIEs has also been used to infer the presence of distance sampling in simple vibronic QMT models for Htransfer. [41] [42] [43] In the n-state model framework, at the SM level, a single discrete H-transfer population is expected where there is a corresponding temperature-independent KIE measured in ensemble studies. However, temperature-dependent KIEs at the ensemble level are expected to generate multiple populations at the SM level (assuming resolution of the populations is sufficient). Reduction of PETNR by NADH gives rise to a temperatureindependent KIE at the ensemble level (Figure 3) . 10 This is consistent with the single population of SM KIEs observed in Figure 5 . These SM and ensemble data do not distinguish between n-state and distance sampling models, but studies with variant enzymes or the alternative coenzyme NADPH that give rise to ensemble temperature dependent KIEs would, in principle, distinguish between the two models. The principles and methods reported here for SM KIE measurements might therefore enable a rigorous test of the validity of the 'distance sampling' versus 'n-state' model hypotheses.
Concluding remarks.
Here we have monitored enzyme KIEs using SM approaches. Analysis of SM fluorescence time traces allows the contributions of non-enzymatic processes in the enzyme (or the label itself) to be deconvolved from those attributed to reaction chemistry. Using multiple methods to extract the SM KIE, we find that fitting exponential functions to SM dwell time data can significantly underestimate the complexity of SM data sets, and by extension the magnitude of the SM KIE. However, using a model free method for extracting the SM KIE gives very good agreement with ensemble data, providing excellent resolution of the intrinsic KIE. This approach provides a new experimental dataset that may be used to benchmark QM/MM H-transfer calculations, which typically sample multiple MM snapshots and determine a range of apparent rates and KIEs.
44-46 SM KIEs enable analysis using physical models of catalysis not possible using ensemblebased data. This will present new opportunities for probing mechanisms of enzymatic H-transfer and the importance (or otherwise) of QMT, motions and multiple reactive states.
Methods
Extrinsic fluorophore labeling of PETNR. PETNR-His 8 was expressed and purified as described. 24 Labelling of PETNR with the extrinsic fluorophore Alexa-488 was achieved by incubating PETNR in 50 mM potassium phosphate, pH 7 at < 20 °C with 1 mM Alexa-488 C5-maleimide (Molecular Probes). Non-reacted fluorophore was separated from the sample by running through an Econ-Pac 10DG desalting column (Bio-Rad) equilibrated with 50 mM potassium phosphate, pH 7.
Ensemble fluorescence and absorbance measurements.
Fluorescence emission spectra were monitored on a Varian Cary Eclipse fluorescence spectrophotometer (Varian Inc., Palo Alto, CA, USA). Multiple wavelength absorbance spectra were monitored on a Varian Cary 50 Bio UV/Vis spectrophotometer. All experiments were performed in 50 mM potassium phosphate, pH 7. To prevent oxidase activity of PETNR, all kinetic ensemble experiments were performed under strict anaerobic conditions within a glove box (Belle Technology; <5 ppm O 2 ) using a Hi-Tech Scientific (TgK Scientific, Bradford on Avon, U.K.) stopped-flow spectrophotometer housed inside the glove box. Spectral changes accompanying FMN reduction were monitored at 465 nm using a saturating concentration of NADH (5 mM) or (R)- [4- 2 H]-NADH (5 mM), prepared as described previously. 23 Fluorescence emission changes associated with FRET from Alexa-488 to FMN were monitored using a 550 nm short wave pass optical filter. Typically 3 -5 measurements were taken for each reaction condition. Reaction transients were fit using a single exponential function and the average rate constant ± 1 standard deviation was used.
High-field EPR. 94-GHz Continuous-wave EPR spectra were recorded using a Bruker E600 spectrometer equipped with a E600-1021H TeraFlex resonator and a liquid helium cryostat (Oxford Instruments). The field was calibrated against a separate sample of manganese/magnesium oxide (Mn(II)/MgO) standard. The absolute error in g-values was 1 x 10 -4 . 47 EPR conditions are stated on the figure legend.
Objective-type TIRF. A schematic of the experimental setup is shown in Supplementary Figure S1 . A 488 nm CW diode-pumped solid-state laser (Cyan-Scientific, Spectra Physics) of line width 1 MHz and M 2 =1.1) was used for 488 nm excitation. The excitation beam was expanded by a factor of 10 to yield an approximately circular active FOV of diameter 56 μm at the sample. The laser was reflected from a dichroic mirror (505DCXR, Chroma) onto a high numerical aperture (NA) Nikon CFI Plan Apo 60×1.49 NA objective mounted on a Nikon TE300 inverted microscope. Optical contact between the sample slide and objective was made using fluorescence-free immersion oil, refractive index 1.518 (Zeiss, Immersol 518F). The fluorescence was collected by this same objective, passed through the dichroic and was imaged by an EMCCD camera (Evolve 512, Photometrics), after passing through further filters, as detailed in Supplementary Figure S1 (DC2: 595DCXR, F1:500-550 nm 525/50, Chroma).
Low density chelated copper coated 0.15 mm thick glass coverslips (Microsurfaces Inc.) were mounted on a XY translation stage. Surfaces were verified to be free of fluorescent impurities. Highly dilute (50 pM) solutions of PETNR-A488 were drop-cast onto these surfaces, and immobilized via poly-His tag tethering. Fluorophore excitation was at 488 nm, using a power density of 150 mW/cm 2 . Data acquisition was over 25 s with a data interval of 12 ms. For SM turnover measurements, a saturating concentration of NADH was used (5 mM). All experiments were performed in 50 mM potassium phosphate, pH 7.
Single molecule data extraction and analysis. Timeintensity trajectories of regions of interest (ROI) corresponding to single molecules were thresholded and extracted from the stacked raw data using a custom Visual Basic macro and image processing software (ImageProPlus v7.01). A simple 1D edge finding algorithm based on the method of Canny 48 downloaded freely as a Matlab (MathWorks) script from http://www.cs.unc.edu/~nanowork/cismm/do wnload/edgedetector/index.html was used to extract the dwell times for oxidized and reduced states. Tracks were selected for analysis based on an absence of blinking events and emission longer than 5 seconds before photobleaching. This gives a minimum rate constant which can be extracted of 0.2 s -1 for every individual molecule analysed. The edge fitting for each SM intensity track was thresholded until no edges were detected in the photobleached region. SM dwell times for FMN oxidation and reduction were extracted as continuous regions of high (increasing) or low (decreasing) fluorescence intensity until a transition to a lower or higher fluorescence state, respectively. The values of extracted rate constants (< 10 s -1 ) were significantly lower than the acqusition frame rate (~83 frames s -1 ). Similar overall degrees of thresholding were used for PETNR-Alexa-488 alone and with each coenzyme, meaning there is no bias in the extracted dwell times from the data fitting. SM tracks extracted as either the average counts per pixel or as the maximum counts of the ROI gave equivalent fitting results. One tailed probabilities (P 1 ) are reported using the Mann-Whitney U test, where P1 < 0.05 represents a significant difference between data sets.
The inverse dwell times for reduced states give the rate constants for FMN reduction. Histograms of the log rate constant, ΔEm and log KIE are fit to a multi-Gaussian function: Where f (x) is the frequency of a given value of x = k, ΔEm, or KIE (see below) given by the area, A, full width at half-maximal (FWHM), w and mid-point, m of the Gaussian for the ith Gaussian component. The number of Gaussian components was determined by fitting increasing values of n, until the residuals of the fit ceased improving. To extract data from the fitting we simultaneously fit 3 sets of the same data, binned at different intervals, sharing the constants for m, and w but not A as show in Supplementary Figure S4 . In this way fitting bias due to bin interval selection is ameliorated.
To create the KIE datasets, each 'D' dwell time was divided by each 'H' dwell time. If there are i and j H and D dwell times, respectively, then this gives i×j KIE values. The log 10 (KIE) values were then binned. On a log KIE scale these bins are symmetrical about log KIE = 0 if the same data are used for both the 'H' and 'D' data sets and otherwise are asymmetric (e.g. as in the case of the KIE calculation in Figure 6A ; see also Supporting Information).
